Particle flocculation with chemical flocculant addition is an essential step in water treatment. 2
Introduction
7 measured with a Turbidimeter (2100N, HACH, Loveland, CO), and the DOC in water was 109 measured by a TOC analyzer (5000A, Shimadzu, Kyoto, Japan). In addition, based on the ζ-110 potential measurement and jar-test results, the optimal dose of a flocculant for a model water 111 could be determined. The optimal dose was then used for the flocculation-breakage-112 reflocculation experiment on the model water characterized by the PIV technique. 113 114
Particle image velocimetry (PIV) for particle size distribution measurement 115
A PIV system was employed to track the change in particle size distribution (PSD) 116 during a flocculation experiment. PIV is an advanced and powerful flow visualization and 117 particle tracking technique [18] . As a non-intrusive optical setup, the PIV was able to capture 118 the image of particles in a jar-test beaker within a millisecond ( Figure 1 ). The PIV system 119 consists of a laser illumination setup, a high-speed CCD video camera and a process control 120 and image processing software package. A pulsed laser beam generated from the source 121 (Coherent, Inc., Santa Clara, USA) was expanded to a thin laser light sheet by a combination 122 of a cylindrical and a spherical lenses. The laser sheet illuminated a planar region of the water 123 for visualization of the particles and flocs in the flocculation tank (beaker). The images of 124 laser-illuminated particles could be captured by a high speed CCD camera (PCO.imaging 125 1200 with a resolution of 1280×1024 pixels). The PIV system was controlled by a computer 126 with dedicated software (PCO.camware) for laser flushing, CCD recording, image acquisition 127 and storage. Images were processed with an image analysis system (Scion Image, Frederick, 128 MD) for PSD determination. For a floc of irregular shape, its size, d, was calculated in terms 129 of the equivalent diameter by d = (4A/π) 1/2 , where A is the projected area of the floc. Based on 130 calibration, the PIV system had a resolution of around 9 µm for particle tracking and imaging 131 in the present flocculation study. More than 40 consecutive images within a minute were 132
In addition to size measurement, particle image analysis also can provide more 135 information about the morphological and structural feature of the aggregate flocs. For the 2-D 136 projected particle images, a boundary fractal dimension was used to characterize the fractal 137
property of the flocs. The boundary fractal dimension defines how the projected areas of the 138 particles scale up with the length of the perimeter [14, 16] . Accordingly, the boundary fractal 139 dimension, D b , may be determined from the correlation [16, 19] as follows, 140
where P is the perimeter of an aggregate. D b ranges from 1 to 2, and there is no 142 straightforward relationship between D b and the mass fractal dimension for a particle 143 population [15] . Nonetheless, a higher D b value often suggests a more fractal structure of the 144 objects with a less spherical shape and irregular or rough surface [16] . 145 146
Flocculation-breakage and reflocculation test for floc strength and re-growth 147
A single beaker jar-test device was used together with the PIV for characterization of 148 the flocculation dynamics ( Figure 1 ). The jar-tester included a glass rectangular tank 149 (L×W×H = 80 × 80 × 200 mm) equipped with a flat paddle mixer that was driven by a DC 150 power supply. The flocculation procedure on a model water was the same as previous 151 described, i.e., after the chemical addition a pre-determined dose, the water was stirred 152 rapidly at 100 rpm for 60 s followed by a slow mixing at 30 rpm for 30 min. Upon the 153 completion of flocculation, the shear breakage and then re-flocculation experiment was 154 carried out. The breakage of flocs was conduced at 100 rpm for 15 min, which was followed 155 by re-flocculation with slow mixing at 30 rpm for 30 min. During the course of flocculationbreakage-reflocculation, the images of particles and flocs in water was recorded and analyzed 157 by the PIV system. The PSDs at different phases of the process were therefore obtained. 158
The 
PIV characterisation of the flocculation dynamics 221
The PIV technique is shown to be a powerful tool for obtaining the particle size 222 distributions in a dynamic fluid system. The PIV is a true non-intrusive particle tracking 223 system that is able to perform real-time in-situ particle imaging acquisition for determination 224 of the PSD dynamics during shear flocculation. The PSD of the flocs was expressed as the 225 volume-based discrete PSD, i.e. the percentages of the total particle volume observed against 226 a series of size sections (Figure 4) . 227
The PIV results showed the continuous floc formation and growth in the model waters 228 during the chemical flocculation process. The PSD maintained a constant unimodal shapethe peak of the PSD curve, was used here as the mean size of the particle population observed 231 by the PIV. The change in the peak size of PSD with time illustrated well the flocculation-232 breakage dynamics for a particle system. For both alum and ferric flocculation at the 233 respective optimal doses, flocs were well formed with a peak size of 1000 μm or larger. The 234
PSDs became rather stable in shape and position by the end of 30 min slow flocculation at 30 235 rpm. Shear breakage at a high stirring rate (100 rpm) caused a rapid and remarkable shift of 236 the PSDs to smaller sizes, and re-flocculation took place when the fluid shear was reduced 237 (Figure 4) . 238
The PSD evolution showed effective alum and ferric flocculation on the jar-test 239 device (Figure 4 ). For either one of the flocculants, the HA0 water with pure kaolin and no 240 HA had the largest flocs formed, followed by the HA3 water and then the HA10 water. The 241 humic substances in water reduced the effectiveness of the flocculants in forming larger flocs. 242 However, with the higher doses used for HA3 and HA10 than that for HA0, floc formation in 243 the HA3 and HA10 waters occurred at a faster rate in the early phase of flocculation than that 244 in the HA0 water. In comparison, flocculation by alum produced larger flocs than ferric 245 chloride for the same water samples (Table 1) 
Strength and recoverability of the alum and ferric flocs 273
Based on the change in peak size of the PSD, the strength and reversibility of the 274 particle flocs formed in different model waters were determined (Table 1) . After 15 min of 275 shear breakage, the alum flocs in HA0 showed the highest strength index at 32%. Other types 276 of flocs, including the alum flocs in HA3 and HA10 and all of ferric flocs had the strength 277 indexes that were rather similar to each other. In re-flocculation at a slower shear rate, the 278 alum flocs after breakage generally had a higher potential of recovery than the ferric flocs. 279 content in water increased, the recovery indexes of the broken flocs decreased significantly. 281
The alum flocs in HA10 had a low reversibility of only 10%. In agreement with the PIV 282 observations, the ferric flocs in HA10 after breakage almost could not be re-flocculated with 283 a recovery index as low as 4%. 284 285
Morphology and Fractal Dimension of the Flocs 286

Morphology and boundary fractal dimension of the flocs 287
The high-quality PIV images ( (Figure 7 ). When exposed to a higher shear, it is 306 expected that the flocs would break at their weak points and rearrange into more stable 307 structures [11, 28] . Fragmentation of the elongated flocs would break up the flocs into 308 smaller pieces that were more close to spherical objects than the original flocs. As described 309 previously, re-flocculation at a reduced shear rate resulted in regrowth of the floc sizes. 310
Meanwhile, the fractal structure of the particle flocs was recovered partially as indicated by 311 an increase in fractal dimension. Nonetheless, similar to the PSDs, the D b of the flocs could 312 not be fully recovered to their original levels ( Figure 7) . After re-flocculation, the D b values 313 of the alum flocs generally were somewhat higher than those of the ferric flocs, which was in 314 agreement with the indication of the recovery index of the broken flocs (Table 1) . 315 316
Effect of the humic content on particle flocculation and floc strength. 317
The addition of chemical coagulants would impose mainly two aspects of impact on 318 particle flocculation in water. One effect is to destabilize particles in a suspension, which 319 enhances particle flocculation. The other effect is to form hydrolyzing metal salts and their 320 precipitates that adsorb particle colloids. [23, 29] pointed out that flocs formed following 321 charge neutralization should have a high recoverability after breakage. In comparison, the 322 precipitates of hydrolyzed flocculants would have a much lower recoverability after breakage 323 [24, 30] . In the HA0 water with pure kaolin and no HA, the low dose of the coagulants could 324 destabilize kaolin in the suspension by charge neutralization prior to particle flocculation. 325
Nonetheless, the partially reversible breakage of the HA0 flocs suggests that the formation of 326 the hydrolyzed flocculant precipitates and the adsorption of kaolin by the flocs of the 327 precipitates also played an important role in removing particulate turbidity from water. Forremoval. At a high flocculant dose, larger flocs of the precipitates would be formed more 330 easily. In agreement with previous findings [24, 30] , these types of the flocs of hydrolyzed 331 precipitates in HA3 and HA10 waters had a lower recoverability after breakage compared to 332 the HA0 flocs (Table 1) . 333
The content of organic matter appeared to be an important factor to determine the 334 surface properties of formed flocs, such as adhesion, inter-particle interaction and floc 335 stability [9, [31] [32] . The HA content also affects the surface fractal dimension of the particle 336 flocs [33] . In this study, the HA presence apparently facilitated the formation of a more 337 porous and more fractal structure corresponding with a higher D b (Figure 7 
